We have identiÐed lines from the 0È3, 0È4, 0È5, 0È6, 0È7, 1È3, 1È4, 1È7, and 1È8 bands of the 24MgH B@ 2&`ÈX 2&`transition in sunspot umbral spectra. Lines of the 0È7 and 1È8 bands in the uncluttered 7500 region are the most obvious, but B@ 2&`ÈX 2&`lines have been tracked as far to the blue as A 5300
INTRODUCTION
The MgH molecule is of considerable astrophysical interest. The green A 2%ÈX 2&`bands are detectable in stellar spectra over a large range of temperatures and abundances (Cottrell 1978) . The combination of MgH and Mg I lines has been shown to be a spectroscopic probe of surface gravity in late-type stars (Bonnell & Bell 1993) . MgH can also be used to probe the isotopic abundance of magnesium. Magnesium has three stable isotopes, 24Mg, 25Mg, and 26Mg, with terrestrial abundances 78.99 : 10.00 : 11.01 (Catanzaro et al. 1966) . As reviewed by Tomkin & Lambert (1980) , in massive stars, 25Mg and 26Mg are produced during He burning that includes thermal pulsing. 24Mg is produced during carbon burning. Explosive carbon burning can produce all three Mg isotopes. Tomkin & Lambert note that a common feature of these sources of Mg is that the production of 25Mg and 26Mg depends on the initial abundance of heavy elements, but the production of 24Mg is nearly independent of the initial abundance of heavy elements. Thus the current ratio of 24Mg relative to 25Mg and 26Mg is a result of the historic heavy-element abundances, and magnesium isotopes can be used to probe the heavy-element enrichment of the universe. This has been recognized and exploited for some time in the analysis of magnesium isotopic ratios in presolar meteoritic chondrules (e.g., Choi et al. 1998 ).
Molecular spectra are useful tools for isotopic analysis because the isotopic splitting is frequently larger than the line width. MgH would appear to be an excellent tool to probe the magnesium isotopic ratio. However, astronomi-1 Operated by the Association of Universities for Research in Astronomy, Inc. under cooperative agreement with the National Science Foundation.
2 Also, Department of Chemistry, University of Arizona, Tucson, AZ 85721. cal spectroscopy of the pure rotational and vibrationrotation spectrum of magnesium hydride, which would yield spectra with very large separations between the isotopic features, has not been fruitful. The lowest lying MgH rotational frequencies are spin doublets divided into three hyperÐne transitions because of the proton nuclear spin (Ziurys, Barclay, & Anderson 1993 ; Zink et al. 1990 ). The lines are found in the submillimeter region and have been searched for in circumstellar shells but so far have not been detected (Avery et al. 1994 ). The vibration-rotation fundamental is at 6.7 km (Bernath, Black, & Brault 1985 ; Lemoine et al. 1988 ), a spectral region not accessible to ground-based observers.
The well-known visible region electronic A 2%ÈX 2&b ands are in an easily studied part of the spectrum near 5200 (Balfour 1970 ; Bernath et al. 1985 ). While our know-A ledge of the Mg isotopic ratio in stars depends on the A 2%ÈX 2&`transition (e.g. , Shetrone 1996 ; McWilliam & Lambert 1988 ; Barbuy, Spite, & Spite 1987 ; Barbuy 1985 Barbuy , 1987 Lambert & McWilliam 1986 ; Tomkin & Lambert 1976 ,1980 , this is a difficult observational problem because the isotopic splitting of the MgH AÈX lines is small, typically 0.1 for the (0, 0) band. High resolution, high signal-A to-noise ratio (S/N), and spectrum synthesis are required in order to measure the isotopic ratio. Isotopic splitting for the weaker (0, 1) and (1, 2) bands is larger (0.4 but the A ), spectrum is complex with many blends. In addition, the TiO a-system contaminates the region of the (0, 1) and (1, 2) bands.
While preparing an atlas of a sunspot umbral spectrum, we identiÐed three series of regularly spaced lines with large interline spacing indicative of a hydride (Wallace et al. 1998) . We were later able to identify these lines as due to the 0È7 and 1È8 bands of the B@ 2&`ÈX 2&`transition of 24MgH and extend the identiÐcations to include the 0È6, 0È5, 0È4, 0È3, 1È7, 1È4, and 1È3 bands. Extensive laboratory work on this transition in MgH has previously been under- taken by Balfour & Cartwright (1976) and Balfour & Lindgren (1978) . In contrast to the A 2% and X 2&`states, the B@ 2&`and X 2&`states have very di †erent potential curves, with the result that the 0È0 band is very weak and the spectrum is dominated by vibrational transitions of exceptionally large *v. To our knowledge there has been no previous detection of the B@ 2&`ÈX 2&`system of MgH either in astronomical sources or in absorption in the laboratory.
Measurements of the frequencies of the 24MgH B@ÈX lines in the sunspot umbral spectrum are presented, along with equivalent widths. A few weak lines due to 25MgH and 26MgH show that the large isotopic shifts in this transition can be used to allow a very straightforward extraction of the isotopic ratio. Spectroscopic constants are derived from the observed laboratory and sunspot frequencies, which allow calculation of a full set of line frequencies. We also present Franck-Condon factors and line-strength factors, which include the variation due to the dipole moment function and the rotational energy, and use them to examine the population distribution.
LABORATORY SPECTROSCOPY OF MgH
Laboratory spectroscopy of MgH, driven by the need to identify strong bands seen in astronomical spectra, dates back to at least 1909 (King 1916 and references therein). Analyses of the well-known A 2%ÈX 2&`system of MgH were reported, for example, by Balfour (1970) and by Bernath et al. (1985) . Balfour & Cartwright (1976) and Balfour & Lindgren (1978) reported on the analysis of the emission spectra of the B@ 2&`ÈX 2&`transition of 24MgH, 25MgH, 26MgH, 24MgD, 25MgD, and 26MgD, thereby establishing beyond any doubt the vibrational numbering and the nature of the B@ state. The potential energy curve of the B@ state is displaced to appreciably larger radial distance than that of the X state, with the result that the strongest bands are not the usual ones described by a narrow diagonal parabola in the (v@, v@@)-plane emphasizing the *v \ 0 sequence, but rather the strongest bands are on a broad Condon parabola such that bands with low v@ and v@@ D 3È8 are relatively strong and appear at wavenumbers that are much less than the system origin at 22082 cm~1, as well as those with low v@@ and v@ D 3È8, which appear at wavenumbers that are much more than the system origin. The bands are headless and strongly degraded to the red. Balfour & Lindgren (1978) calculated approximate rotationless Franck-Condon factors for the range v@ \ 0È3 and v@@ \ 4È9, which includes the bands we have observed. Kirby, Saxon, & Liu (1979) present rotationless band oscillator strengths including the dipole moment function of Saxon, Kirby, & Liu (1978) for the range v@ \ 0È14 and v@@ \ 0È3, which excludes most of the bands we have observed. Sink & Bandrauk (1979) have also calculated rotationless Franck-Condon factors and band strengths for v@ \ 0È6 and v@@ \ 0È8.
OBSERVATIONS AND MEASUREMENTS
The primary sunspot umbral spectrum used was obtained by L. Testerman with the Brault 1 m Fourier transform spectrometer (FTS) at the McMath-Pierce telescope on Kitt Peak. The spectrum, which is in the archives of the National Solar Observatory,3 is identiÐed by date and number as 1981/03/24 No. 1. This spectrum has good S/N from 9000 to 16500 cm~1 and includes most of the bands of interest here. Beyond 16500 cm~1, we have used another FTS spectrum obtained by Testerman, 1981/03/25 No. 1, which extends to 23000 cm~1. Wallace et al. (1998) reported three unidentiÐed branches consisting of a total of 33 lines in the relatively uncluttered spectral region between 13173 and 13580 cm~1. This region is bounded at short wavenumbers by the strong 0È1 head of the TiO c bands (Ram et al. 1999 ) and at long wavenumbers by the increasing strength of lines of the red-degraded bands of the *v \ [1 sequence of the CaH AÈX bands and the *v \ 0 sequence of the TiO c bands. We have recently identiÐed the branches on the basis of 24MgH B@ÈX line positions calculated from the term values given by Balfour & Cartwright and Balfour & Lindgren. Two of the three branches are the P and R branches of the 0È7 band, and the third is the P branch of the 1È8 band. We have also found lines of the 0È6, 0È5, 0È4, 0È3, 1È7, 1È4, and 1È3 bands. We could not Ðnd any lines from bands with v@ \ 2. Bands with v@@ \ 0 and 1 on the leg of the Condon parabola opposite to the v@ \ 0 and 1 progressions observed here (Kirby et al. 1979) should have similar strengths, but they fall at frequencies larger than 23000 cm~1, outside of the range covered by our spectra.
Our measurements of the 24MgH line positions in the sunspot umbral spectra, taken in part from Wallace et al., and the vibrational and rotational assignments, made with the help of the term values of Balfour & Cartwright and Balfour & Lindgren, are given in Table 1 . We have subsequently obtained lists of the observed laboratory wavenumbers of the lines that were used in the analyses from W. J. Balfour. ( These are the unpublished Tables 1, 2 , and 3 of Balfour & Lindgren.) We have calibrated the line positions of the two sunspot spectra from Ti I lines common to both the sunspot and the laboratory spectra of Ti I, also obtained with the Brault 1 m FTS, and reported by Forsberg (1991) . The laboratory and sunspot B@ÈX line positions generally agree to better than 0.05 cm~1, the estimated accuracy of the laboratory data. The strong lines in the sunspot spectrum have an absolute accuracy of about 0.02 cm~1.
A small piece of the umbral spectrum, given as Figure 1 , illustrates the appearance of the P and R lines of 24MgH, as well as the weak lines of 25MgH and 26MgH. The isotopic shifts are large, D5 cm~1 for 25MgH and D10 cm~1 for 26MgH. Generally, the P and R lines of 24MgH appear sharp at low rotational quantum number N, become slightly broader as N increases, and at large enough N become double. This is due to the small spin-splitting reported by Balfour & Lindgren We have measured equivalent widths of the 24MgH lines that appear relatively clean and are not substantially confused with other features. These measurements are added to Table 1 . We have also measured as many 25MgH and 26MgH lines as seem reasonably clear, but there are very few. The 25MgH P(15) line at 13198.6 cm~1, illustrated in Figure 1 , is clearly blended, whereas the 26MgH P(15) line at 13203.2 cm~1, also included in Figure 1 , appears relatively clean. The results for the few good lines are given in Table 2 .
MAGNESIUM ISOTOPIC ABUNDANCE
Since the only clean lines of the heavy isotopes are from the 0È7 band, it suffices to intercompare only lines of the 0È7 band of all three isotopes. Also, since the MgH B@ÈX lines are essentially fully resolved and truly shallow, we have treated them as unsaturated and, therefore, interpreted the equivalent widths as
where constant is a constant depending on isotope amount, l and are line and reference frequencies, is the l 0 S N Ho nlfactor, E is the lower state energy, T is an excitaLondon tion temperature, and hc/k is the second radiation constant.
The resulting values are shown on the standard plot in Figure 2 , where a linear least-squares Ðt to the 24MgH data is indicated. The slope of the Ðt, applied to the totality of the 25MgH and 26MgH material, yields the indicated ratio of 0.162 and the isotopic ratio 24Mg :25Mg :26Mg \ 76 : 12 : 12 with a 1 p uncertainty of 3 in each factor. The use of the rotationless factors here is not a source of Ho nl-London error, because lines of the same transition, for the most part, are being compared.
SPECTROSCOPIC CONSTANTS
To provide a simple scheme for obtaining good line positions for the full set of lines, we have combined our sunspot measurements reported in Table 1 with the previously measured lines of Balfour & Lindgren (1978) . In this Ðt, only the bands with v@ \ 0 and 1 are included and the lower state vibrational levels range from 3 to 9 for 24MgH. The spin splitting was not usually resolved, so the simple energy level expression
was used. The vibrational term value was set to zero in T v/3 these Ðts (Table 3) . Perturbed lines were included but with lower weights. A more comprehensive Ðt including additional bands as well as the infrared and pure rotational data will be published separately.
Similar Ðts, but using only the measurements of Balfour & Lindgren, were carried out for 25MgH and 26MgH. The constants from these Ðts are also included in Tables 3 and 4 . The spectroscopic data for these minor isotopomers are much less extensive than for 24MgH.
POPULATION DISTRIBUTION
We have looked into the question of why these bands are observed in absorption at all. Balfour & Cartwright (1975) were not able to Ðnd them in absorption in the laboratory, and Tomkin & Lambert (1980) could not Ðnd them in stellar spectra.
To pursue this question, we have calculated relative band strengths. Rydberg-Klein-Rees (RKR) potentials for the B@ and X states were generated from the constants and of B v T v Tables 3 and 4 plus those for v@@ \ 0È2 from Lemoine et al. (1988) . Franck-Condon factors were calculated and found to be in general agreement with the rotationless values of Balfour & Cartwright (1976) . However, for a light metal hydride such as MgH with shallow electronic states, the Franck-Condon factors are expected to be N-dependent. This was found to be the case, and the values computed for N \ 0, 5, . . . , 30 are reported in Table 5 . In addition, the transition dipole moment has a strong variation with radial distance R, so the line-strength factors were com-[M v_,N_ v{,N{ ]2 puted using the ab initio dipole moment function k of Saxon et al. (1978) . The line-strength factors are given by (Bernath 1995) . (With the dipole moment operator k set to unity and N@ and N@@ set to zero, this expression gives the . . . . . . . . . . . . . 17980.132(13) . . . . . . . . . . . . . 0.0b,c 1229.151(14) rotationless Franck-Condon factors.) The line strengths were then generated for N@ \ N@@ \ 0, 5, . . . , 30 for v@ \ 0 and 1 and v@@ \ 0È8. These factors are reported in Table 6 , in atomic units Values are missing in Tables 5 and 6 at (ea 0 )2. high N for v@@ \ 7 and 8 because of dissociation. We note that for some bands, the dependence on rotational energy is large. Additionally, the contrast between Tables 5 and 6 shows that the inclusion of the R dependence of the transition dipole moment changes the relative band strengths signiÐcantly.
For the single isotope, 24MgH, the inclusion of M2 in equation (1) gives
and suggests the standard plot in Figure 3 . Here, the EWs of individual lines of di †erent bands are scaled and plotted against lower state energy. The points for the di †erent bands show scatter apparently due to the difficulty of measurement, but there are no clear separations indicating preferential excitation of the high-v@@ levels.
A least-squares Ðt to the data yields the linear Ðt in Figure 3 , which gives an excitation temperature T ex \ 3110 K. This is in quite good agreement with the K T ex \ 3200 determined from SiO in a similarly large spot (Campbell et al. 1995) . Thus, there appears to be nothing extraordinary about the population distribution. These bands are, however, much weaker than the AÈX bands, as Kirby et al. (1979) have noted.
DISCUSSION
Previous determinations of the Mg isotope ratio from the very strong MgH AÈX transition in sunspot spectra by Kumar (1969) , Branch (1970) , and Boyer, Henoux, & Sotirovski (1971) have yielded 24Mg : 25Mg : 26Mg \ 64 : 18 : 18, 60 : 20 : 20, and 80 : 10 : 10, respectively, with only the last close to the terrestrial ratio of 79 : 10 : 11. These bands in the umbral spectrum are so strong that uncertainties in the continuum placement alone make their interpretation questionable. Lambert, Mallia, & Petford (1971) concluded that this plus other e †ects produced the apparent overabundance of the heavier isotopes and that umbra and photosphere show isotopic abundances not greater than the terrestrial values. The solar isotopic magnesium abundance has also been deduced from energetic particle measurements of coronal material. Mewaldt & Stone (1989) give coronal ratios that yield 24Mg : 25Mg : 26Mg \ 75 : 12 : 13. Selesnick et al. (1993) , using the same technique, suggest a slightly di †erent ratio of 76 : 12 : 12. These should match the much-quoted terrestrial "" benchmark ÏÏ ratio of 78.99 : 10.00 : 11.01 obtained by Catanzaro et al. (1966) with quoted errorŝ 0.03 :^0.01 :^0.02. The 0È7 band of the MgH B@ 2&`ÈX 2&`transition is weak in the umbra and the lines of the isotopes are well FIG. 3 .ÈEquivalent widths of lines of a number of bands of the B@ÈX transition of 24MgH scaled as in Fig. 2 and by the line-strength factors (M2).
separated. This allows a simple, direct analysis that gives 24Mg : 25Mg : 26Mg \ 76 : 12 : 12 with an uncertainty of 3 units in each factor. While these uncertainties are comparable to the best solar and coronal determinations, they are an order of magnitude larger than the uncertainties of Catanzaro et al. (1966) . Analyses designed to measure the heavyisotope lines should be able to reduce considerably the uncertainties in a spectroscopic determination by using the B@ 2&`ÈX 2&`lines. In spectra of cool stars where the MgH AÈX bands are too strong to be applied to isotopic determinations, the much weaker MgH 0È7 band should prove very useful.
A major question is why we have observed the B@ÈX bands for the Ðrst time when attempts to observe them in absorption in the laboratory and in other stellar sources have not been successful (Balfour & Cartwright 1975 ; Tomkin & Lambert 1980 ). As noted above, the B@ÈX bands have a bimodal intensity distribution with the bands near the system origin being undetectable. Our detection is principally of lines in the red. The relative simplicity of the solar spectrum in the red makes detection of weak lines possible. The high density of blending lines in the violet, where we believe others have looked, may well have interfered with the detection of these bands.
The shift between the potential wells of the B@ and X states, the high vibrational levels observed, and the umbral origin of our spectra all suggest that non-LTE e †ects might be preferentially populating the high-v levels of the ground state. In pursuit of this question we have measured the strength of as many of the lines of other bands of this transition as we can Ðnd, reaching down to the 0È4 band. Lines of the 0È3 and 1È3 bands were also found, but the overlap with other features prevented reliable equivalent width measurement. We have used the laboratory and sunspot frequencies to determine improved spectroscopic constants. These new constants were used to calculate the RKR potential curves, and with the ab initio transition dipole moment function of Saxon et al. (1978) , relative band strengths were obtained. We Ðnd the measurements over the range of all the vibrational levels to be consistent and yield an excitation temperature of 3100 K. This is in close agreement with the 3200 K value we obtained from SiO in a similar sunspot.
